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ABSTRACT

The star 5 Carinae is an exceptionally luminous, blue variable that is at least partially evolved and
undergoes major outbursts once every 3—6 yr on the average. On the basis of a new grid of stellar evolu-
tionary tracks, we estimate that # Car possessed an initial mass of 150-300 M and is still burning
hydrogen in its core. We test a hypothesis that n Car is repeatedly encountering ionization-induced
dynamical instability within its outer envelope. In that case, the star has probably already lost a third of
its initial mass, while its surface hydrogen abundance has fallen to about half its original value. Its effec-
tive temperature, defined from quasi-static models in the conventional way, is predicted to be
8000 + 2000 K, but theoretically it might be as high as 200,000 K and so is not accurately known from
the models. Although our assumption of hydrostatic equilibrium in the envelope of such an extremely
luminous star is crude, the predicted cycles of mass loss agree well with these actually observed. Never-
theless, the models impose requirements before instability first breaks out that seem to be at variance
with observations of extremely massive stars: stellar wind mass-loss rates falling too far on the low side
and a significant amount of time spent as a B-type supergiant. Our models for # Car itself may be too
cool. An alternative destabilizing mechanism, based on an assumed supercritical radiative acceleration of
material outward from the photosphere, applies potentially to very luminous, hot stars like # Car, but
produces no sustained cycles in our models. However, our models are only quasi-static, not hydrody-
namic.

For luminous blue variables generally, we confirm that the mean cycle time is, to a rough approx-
imation, inversely proportional to luminosity. Our results, therefore, justify the use of luminous blue
variables as extragalactic distance indicators. Analysis of a simple one-zone model supports our adopted
criterion for dynamical instability and hence at least our theoretical results for ordinary luminous blue

variables with low and moderate luminosities.

Subject headings: stars: evolution — stars: individual (y Carinae) — stars: interiors —
stars: oscillations — stars: variables: other (luminous blue variables)

1. INTRODUCTION

The star n Carinae is a very luminous, dust-enshrouded
variable that has attracted much observational and theo-
retical attention since its great optical outburst in 1843. Its
true nature, however, remains a mystery. The central object
has been thought to be a massive pre-main-sequence star
(Gratton 1963); a massive star in (or just beyond) the main-
sequence phase and undergoing (or having undergone)
nuclear-energized pulsations in its core (Burbidge 1962;
Tammann & Sandage 1968 ; Burbidge & Stein 1970; Talbot
1971; Davidson 1971; Hoyle, Solomon, & Woolf 1973;
Humphreys & Davidson 1979; Davidson, Walborn, & Gull
1982; Doom, De Greve, & de Loore 1986); a massive post—
main-sequence supergiant experiencing a violent atmo-
spheric instability (Andriesse, Packet, & de Loore 1981) or
an envelope dynamical instability (Stothers & Chin 1983,
1993; Maeder 1983, 1989, 1992) or possibly a multimodal
pulsational instability (Glatzel & Kiriakidis 1993b;
Kiriakidis, Fricke, & Glatzel 1993); a peculiar slow nova
(Aller 1954; Payne-Gaposchkin 1957); a slow supernova
(Thackeray 1956; Zwicky 1965; Rodgers & Searle 1967); a
pulsar embedded in a supernova remnant (Ostriker &
Gunn 1971; Borgwald & Friedlander 1993); and a compact
object accreting matter from, or merging with, a companion
star (Bath 1979; Warren-Smith et al. 1979; Tutukov &
Yungel’son 1980; Viotti et al. 1989; Gallagher 1989; van
Genderen, de Groot, & Thé 1994; van Genderen et al. 1995;
Damineli 1996).
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Objections to many of these hypotheses can be raised. A
pre—main-sequence star is easily ruled out because the sur-
rounding nebula, the so-called homunculus (Gaviola 1950),
does not consist of undisturbed gas and dust but, rather, is a
young, expanding gas and dust cloud (Viotti & Andriesse
1981) that shows overabundances of helium (Allen, Jones, &
Hyland 1985; Davidson et al. 1986) and of nitrogen
(Davidson et al. 1982, 1986; Burgarella & Paresce 1991;
Hamann et al. 1994). The hypothesis that the great outburst
in 1843 was due to a nova explosion or a supernova explo-
sion is now also generally discounted, on the grounds of the
near-constancy of the star’s bolometric luminosity from at
least 1860 to the present (van Genderen & Thé 1984). More-
over, no central pulsar has been discovered despite searches
for fast optical oscillations (Lasker & Hesser 1972). There is
also no measurable polarized, nonthermal radio emission
from the object (White et al. 1994).

It is improbable that the cyclical outbursts in # Car have
a pulsational origin. Nuclear-energized pulsations can
occur in a very massive star only if it lies close to the zero-
age main sequence (ZAMS). The half-day period that
theory predicts for very massive ZAMS stars (Stothers
1992; Stothers & Chin 1993; Glatzel & Kiriakidis 1993a) is
much shorter than any known or suspected periodicity in 5
Car; the shortest ones mentioned are 52.4 and 58.6 days
(van Genderen et al. 1994, 1995; Sterken, de Groot, & van
Genderen 1996). As for the strange mode pulsations which
have been predicted for massive stars by Glatzel & Kiria-
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kidis (1993b) and by Kiriakidis, Fricke, & Glatzel (1993),
their excitation occurs over too broad a region of the
Hertzsprung-Russell (H-R) diagram to be specific to 5 Car.
But n Car shares many characteristics with the stars now
classified as luminous blue variables (LBVs) (Payne-
Gaposchkin 1957; Tammann & Sandage 1968; Thackeray
1974; Humphreys & Davidson 1979, 1994; Conti 1984). The
strange modes predicted for LBVs are possibly excited
strongly enough to eject matter off the surface (Langer et al.
1994). On the other hand, these modes theoretically exist far
outside the region of LBVs, too, and do not correctly
predict most of the observational properties of LBVs
(Stothers & Chin 1996). It is unlikely that they would
account any better for # Car. They may play a role in the
observed microvariability, however.

Whether the central core of # Car consists of a close
binary system is difficult to determine. It is possible that
some of the light variation of # Car arises from an eclipse or
a binary interaction event. Proposed orbital periods range
from 52.4 days (van Genderen et al. 1994, 1995) to 5.52 yr
(Damineli 1996). Although no classical LBV is known to be
an interacting binary system (Humphreys & Davidson
1994), the Wolf-Rayet or Op double-star system HD 5980
undergoes LBV-type eruptions and has a luminosity com-
parable to n Car’s; its orbital period is 19.3 days
(Koenigsberger et al. 1995; Barba et al. 1995). In 5 Car, and
perhaps also in HD 5980, we suspect that the LBV-type
eruptions may not be immediately related to the proposed
duplicity. Rather, a prior close binary mass exchange
induced by Roche lobe overflow could have rid the primary
star of matter as effectively as a strong stellar wind does.
With most of the envelope gone, the stellar remnant evolves
into an LBV. Another possible reason for disbelieving a
critical role for duplicity is that all of the known extremely
luminous nonexplosive stars exhibit typical LBV behavior;
these objects include 5 Car in the Galaxy, HD 5980 in the
Small Magellanic Cloud, AF And in M31, V12 in NGC
2403, and, possibly, SN 1961V in NGC 1058. Nevertheless,
a binary hypothesis is still entirely viable for 5 Car.

In the present paper, we explore the possibility that # Car
is a main-sequence or post-main-sequence star that has
already lost a large amount of mass. For simplicity (but
without too much loss of generality) we suppose that the
matter came off as the result of a strong stellar wind, not of
a binary interaction. The currently unstable condition of #
Car is attributed either (1) to a classical ionization-induced
dynamical instability in the outer envelope of the star or (2)
to an outward-directed pressure force in the star’s atmo-
sphere that exceeds the local gravitational force.

The onset of classical ionization-induced dynamical
instability can be calculated more or less precisely, and
offers no insurmountable theoretical problems. It has
already worked well in accounting for ordinary LBVs
(Stothers & Chin 1996). Objections to it raised by Glatzel
(Langer et al. 1994 ; Glatzel, Kiriakidis, & Fricke 1994) have
been based on stellar models with either too much or too
little mass loss to become dynamically unstable, and, more
seriously, on the erroneous use of the nonadiabatic pulsa-
tion period to test for dynamical instability (see § 4.1 and
Appendix).

Atmospheric instabilities are still in the highly speculative
stage, at least as to their possible consequences. A number
of authors have proposed that a very strong outward-
directed radiation pressure force in the atmosphere might
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exceed gravity at some point and lead to enhanced mass
loss (Davidson 1971; Appenzeller 1986, 1989; Lamers 1986;
Lamers & Fitzpatrick 1988). This should occur for the first
time near the ZAMS for stars of very high luminosity. The
simultaneous effect of a steep gradient of turbulent pressure
in the atmosphere (de Jager 1980), however, is expected to
be superseded in importance by the purely radiative acceler-
ation mechanism (de Jager 1984; Blomme, Vanbeveren, &
Van Rensbergen 1991) and so will be ignored here. Three
other potential atmospheric mechanisms will also be
neglected, because they apply only at very cool effective
temperatures (<8000 K), at which they are superseded by
ordinary ionization-induced dynamical instability in the
present applications. These mechanisms are the following: a
large density inversion deep in the convective atmosphere
(Bisnovatyi-Kogan & Nadyoshin 1972; Bisnovatyi-Kogan
1973; Maeder 1989, 1992), a strong acoustic flux generated
by turbulent convection (Fusi-Pecci & Renzini 1975), and a
strong, stochastic velocity field that characterizes the turbu-
lent mass elements rising from the photosphere (Andriesse
1979; Andriesse et al. 1981).

Arrangement of the present paper is as follows. In § 2 the
needed observational data for # Car are reviewed and syn-
thesized. Physical input data to the stellar models are briefly
described in § 3, while § 4 discusses in detail the two most
important destabilizing mechanisms considered here. Evo-
lutionary tracks based on these two destabilizing mecha-
nisms are presented in §§ 5 and 6, including a critical
comparison with the relevant observations of # Car. Poten-
tial extragalactic applications of our results for # Car and
for other LBVs are suggested in § 7. Finally, § 8 summarizes
and discusses our main conclusions.

2. OBSERVATIONAL PARAMETERS OF n CAR

2.1. Luminosity

Eta Carinae lies along the line of sight to an open cluster
of early O stars, Trumpler 16 (Tr 16), which excites the
central part of a giant H 1 region known as the Carina
Nebula (NGC 3372). The physical association of # Car with
NGC 3372, and hence with Tr 16, is now very well estab-
lished (Walborn & Hesser 1975; Walborn & Liller 1977,
Allen 1979). Published distances to Tr 16, based on modern
multicolor photometry and MK spectral types of its O
stars, are listed in Table 1. Some of the scatter of the 20
published distances comes from making different assump-
tions about the reddening law for Tr 16, which may be
anomalous, but the mean distance and the modal distance
are both 2.5 kpc.

An independent way of deriving the distance is to calcu-
late the so-called nova parallax, based on the rate of
outward motion of the observed ejecta from the central
object, together with the known time of expulsion. For
Car, this calculation has been done by combining the expul-
sion time with the measured radial velocity of a selected
dust condensation, in conjunction with either that conden-
sation’s measured proper motion (Thackeray 1961; Gratton
1963; Gehrz & Ney 1972; Gehrz et al. 1973; Walborn,
Blanco, & Thackeray 1978; Meaburn, Walsh, & Wolsten-
croft 1993) or its total angular separation from the central
object (Thackeray 1953; Allen & Hillier 1993). The five
resulting distance determinations published since 1972 give
excellent agreement, 2.1-2.5 kpc, and average 2.3 kpc.

In what follows, we adopt r = 2.4 + 0.1 kpc for  Car.
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TABLE 1

PUBLISHED DISTANCES TO Tr 16 IN THE
CARINA NEBULA

(kpc) Reference

Hoffleit 1956

1.7...... Becker 1960

25...... Faulkner 1963

28...... Feinstein 1963

1.5...... Gratton 1963

25...... Feinstein 1969

25...... Thé & Vleeming 1971
26...... Feinstein et al. 1973
26...... Walborn 1973

24...... Herbst 1976

24...... Forte 1978

27...... Humphreys 1978

28...... Thé et al. 1980

27...... Turner & Moffatt 1980
24...... Forte & Orsatti 1981
25...... Levato & Malaroda 1982
25...... Tapia et al. 1988

32...... Kaltcheva & Georgiev 1993
32...... Massey & Johnson 1993
26...... Shobbrook & Lyngd 1994

The total dereddened apparent flux received from the object
(van Genderen & Thé 1984) translates into a bolometric
luminosity of log (L/Ly) = 6.69 + 0.06, or M,,, = —12.0
+ 0.2. It is now known that the central core of # Car is not
multiple, but consists of a single star or, just possibly, a
binary star (Davidson et al. 1995). Therefore, the minimum
luminosity, if # Car is a binary with two equal components,
would be log (L/Ly) = 6.39 + 0.06, or M, = —11.2 + 0.2,
for one of the components. The assigned errors take into
account the uncertainties of the distance, interstellar extinc-
tion, and spectral flux curve; most of the observed flux
emerges in the infrared as a result of the redistribution of
the central starlight by the surrounding dust.

2.2. Effective Temperature

For a long time, the line spectrum displayed by the inner
part of n Car was attributed to the photoionization of gas
lying at or near the stellar photosphere (possibly within the
opaque wind). An effective temperature of (2-4) x 10* K
had been inferred (Pagel 1969; Davidson 1971; Pottasch,
Wesselius, & van Duinen 1976; Allen, Jones, & Hyland
1985; Davidson et al. 1986; Men’schikov, Tutukov, &
Shustov 1989; Hillier & Allen 1992; Tovmasyan, Oganes-
yan, & Epremyan 1993); however, a value as low as 7500 K
was also suggested (Andriesse et al. 1981). More recently,
the view that the gas is collisionally ionized has come to
prevail (Viotti et al. 1989; Borgwald & Friedlander 1993;
Corcoran et al. 1995; Cox et al. 1995; Davidson et al. 1995;
Levenson et al. 1995). Based on millimeter-wave, X-ray, and
[Cr]-line observations, this improved view implies that an
effective temperature cannot at present be assigned to the
underlying star. However, spectral continuum observations,
in conjunction with the second law of thermodynamics,
suggest that the effective temperature must be at least
15,000 K (Davidson et al. 1995).

2.3. Chemical Anomalies

Helium is believed to be overabundant in the homun-
culus (Allen et al. 1985) and in the outer “S condensation”
(Davidson et al. 1986). Similarly, nitrogen appears over-
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abundant as well (Davidson et al. 1982, 1986; Burgarella &
Paresce 1991; Hamann et al. 1994). Since, however, the
visible gases are mostly shock-heated, the degree of over-
abundance is very difficult to estimate. This renders ques-
tionable the specific nebular abundance of helium, Y ~ 0.4,
that Davidson et al. (1986) have determined.

2.4. Mass Loss

The present rate of mass loss from the central object in #
Car falls somewhere in the range (1-3) x 107> M yr™?,
according to several recent independent determinations
(Davidson et al. 1986, 1995; White et al. 1994; Cox et al.
1995). In the great outburst of 1843, the rate of mass loss
was either about the same as today’s rate or, more prob-
ably, somewhat higher. The 1843 rate has been estimated
variously as 4 x 1073 M, yr~! (van Genderen & Thé
1984), 2 x 1072 M, yr~ ! (Hyland et al. 1979), 7.5 x 10~?
M, yr~! (Andriesse, Donn, & Viotti 1978), and ~10~! M,
yr~ ! (Davidson 1989).

Proper-motion studies show that the homunculus was
produced by the short series of eruptions around 1843, with
lesser contributions being added afterward (Currie et al.
1996). Its mass is uncertainly estimated as 0.15 M (van
Genderen & Thé 1984) or as falling in the range 2-10 M 4
(Andriesse et al. 1978; Hyland et al. 1979; Davidson 1989).
Difficulty in estimating the mass arises from the non-
spherical form of the object—two symmetric, hollow, oscu-
lating lobes with a thin disk lying between them (e.g.,
Humphreys & Davidson 1994). This may indicate rotation,
duplicity, or a magnetic field in the underlying star. There is
also the need to assign a specific value of the gas-to-dust
ratio (usually taken to be ~100), the dust mass alone
having been measured. The dense clumpy material imme-
diately surrounding the central object probably contains
only ~10~% M, (Smith et al. 1995).

2.5. Variability

The visual photometric history of n Car consists of a few
scattered observations before 1822 (Gratton 1963) and
more nearly complete coverage since then. In 1822, n Car
shone at magnitude 2. It reached its greatest recorded visual
brightness, — 1 mag, in 1843 during an extraordinary out-
burst. By 1870, it had faded to magnitude 8, where it
remained, with some variability, until about 1940. Since
that time, # Car has gradually brightened to its present
magnitude 6.

In color, # Car was reddest around 1843. Subsequently, it
has slowly (and probably irregularly) grown bluer, owing to
a gradual dispersal of the ejected dust cloud (van Genderen
& Thé 1984).

Smaller scales of variability can also be detected. Table 2
lists the dates of all the known light maxima, according to
various published sources. Some of these maxima may be
false detections. On the other hand, the list may be incom-
plete owing to inadequate observations during some
periods. A good way of checking the suggested maxima is
by spectroscopic means, to determine whether the maxima
exhibit the characteristic spectral behavior of LBV (S
Doradus-type) shell-ejection events. Spectroscopic obser-
vations are available for only five light maxima since 1889
(Table 2), but confirm the existence of small mass ejections.
In addition, shell events occurred in 1948 and 1965
(Damineli 1996), at times for which adequate photometric
observations are unavailable.
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TABLE 2
OBSERVED MAXIMA OF n CAR

Year Observed Feature Reference
1827...... Light peak
1838...... Light peak
1843...... Highest light peak
1856...... Light peak
1862...... Light peak?

AN NN -
Red
N

1871...... Light peak?

1889...... Light peak; shell event ,5,6,7
1942...... Light peak

1948...... Shell event

1952...... Light peak; shell event 7,9, 10
1955...... Light peak? 10
1958...... Light peak? 10
1961...... Light peak? 10
1965...... Shell event 8
1976...... Light peak 11, 12
1981...... Light peak; shell event 8,11, 12
1987...... Light peak; shell event 8,11, 12
1992...... Light peak; shell event 8,12

REFERENCES.—(1) Gratton 1963; (2) Innes 1903; (3)
Polcaro & Viotti 1993; (4) Feast, Whitelock, &
Warner 1994; (5) Hoffleit 1933; (6) O’Connell 1956; (7)
Payne-Gaposchkin 1957; (8) Damineli 1996; (9) de
Vaucouleurs & Eggen 1952; (10) Feinstein & Marraco
1974; (11) van Genderen, de Groot, & Thé 1994; (12)
Whitelock et al. 1994

Depending on the size of the outburst, different mean
intervals between outbursts can be derived. On the largest
scale, the big outbursts are possibly several centuries apart,
because, in addition to the great outburst in 1843, another
big eruption may have occurred during the fifteenth
century, according to proper-motion studies of distant dust
condensations around # Car (Walborn et al. 1978). For
more moderate-sized outbursts, Payne-Gaposchkin (1957)
has suggested a mean interval of 15-16 yr, at least during
the period 1820-1900. On the smallest scale, the published
suggestions differ: 1-3 yr cycles, claimed to have occurred

T T T T T T T T T T T T T
nCar
5+ 4
4+ _
N
3F 4
2r -
1 m i
300 M, Model
5F 4
4,_ -
N
3F i
2r .
1 WJ
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0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
CYCLE TIME (YR)
FiG. 1.—Histogram of measured cycle times for (a) n Car and (b) stellar

models of initially 300 M, with w = 0.1 in the first phase of dynamical
instability.
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during 1974-1992 (van Genderen et al. 1994), ~ 3 yr cycles
during 1952-1973 (Feinstein & Marraco 1974), 5 yr cycles
during 1975-1994 (Whitelock et al. 1994), and 5.52 yr cycles
during 1948-1995 (Damineli 1996).

Given the spectroscopic evidence, however, there seems
no good physical reason for treating the outbursts differ-
ently according to how large their visual ranges were.
Therefore, we propose accepting the list of 18 outbursts in
Table 2 as being more or less complete, or at least as being
representative, for the period 1822-1995. A histogram of the
time intervals between outbursts is shown in the upper
panel of Figure 1 for intervals shorter than 14 yr (only two
are longer than this). Two-thirds of these representative
cycle times fall in the range 3—6 yr. The scatter among them
is probably real and can account for the differing period-
icities claimed by different authors.

3. INPUT PHYSICS FOR THE STELLAR MODELS

Physical assumptions made for our present stellar models
are the same as those adopted in our recent series of papers.
Specifically, the initial hydrogen and metal abundances by
mass are taken to be X = 0.70 and Z = 0.03. Opacities, «,
come from Iglesias, Rogers, & Wilson (1992). For initial
stellar masses, we choose here 150, 210, and 300 M . Since
the rate of radiatively driven stellar wind mass loss from
objects so massive is unknown, we simply adopt the analy-
tic formula fitted to the observational rates of mass loss for
less massive stars given by Nieuwenhuijzen & de Jager
(1990), but arbitrarily modified here by a constant scale
factor w. To keep the physics uncomplicated, we have
ignored convective-core overshooting, semiconvection,
rotation, and magnetic fields.

Very recently, de Koter, Heap, & Hubeny (1997) have
estimated very large mass-loss rates for the most massive
stars in the essentially unevolved cluster R136a in the Large
Magellanic Cloud. These stars possess masses of ~ 100 M o,
and their rates of mass loss correspond to w = 3, at least in
their present state near the ZAMS. If these estimates hold
up generally and a comparable value of w applies at higher
stellar masses, the consequences for our tentative identifica-
tion of the instability mechanism in n Car would be pro-
found and evidently negative (§ 5).

4. DESTABILIZING MECHANISMS

4.1. Ionization-induced Dynamical Instability

Very massive stars generate such high luminosities that
radiation pressure inside them is large compared to gas
pressure. Consequently, the first generalized adiabatic expo-
nent, I';, is close to the value 4/3 throughout most of the
interior of these stars. In the subphotospheric layers of
partial ionization of hydrogen and helium, I'; drops well
below 4/3. It follows that only a small ionization zone is
needed to reduce the pressure-weighted volumetric average,
(T';>, below 4/3 in the outer envelope of a very luminous
star. When this happens, the outer envelope is ripe for
dynamical instability (Ledoux 1958).

A crucial additional requirement is that the region with
{T';> less than 4/3 be only loosely coupled to the rest of the
star, so that large-amplitude perturbations are effectively
confined to the quasi-isolated outer region and are not
quenched by the stable layers beneath. Because the atmo-
sphere is not an isolated part of the total stellar structure, it
cannot be destabilized by this mechanism even it it has
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{T'y) less than 4/3 (see Tuchman, Sack, & Barkat 1978;
Lobel et al. 1992). However, underneath the layers of partial
ionization of hydrogen and helium lies a thin zone with a
very large opacity due primarily to multiple iron lines. Such
a high opacity greatly increases the local radiation pressure,
reduces the local gas density, and creates a kind of “quasi-
photosphere ” at a temperature of ~2 x 10° K. When <I"; )
in the overlying layers of the star falls below 4/3, dynamical
instability breaks out and these layers become unbound
from the rest of the star.

Our adopted criterion for dynamical instability is derived
from an approximate solution of the linearized wave equa-
tion for adiabatic radial pulsations. However, the exact
solution of this equation gives nearly the same onset point
for dynamical instability (Stothers & Chin 1993). At this
stage, the inverse of the adiabatic pulsation period vanishes.
A concern might be that adiabatic pulsation theory is being
used in a highly nonadiabatic region of the star. For at least
the nonadiabatic one-zone model of a stellar envelope,
however, the rigorously correct threshold of dynamical
instability is in fact given by the adiabatic condition I'; =
4/3 (Baker 1966), and this is very likely to be general
(Tuchman et al. 1978). Although the adiabatic pulsation
period is purely imaginary in the dynamically unstable
regime (implying aperiodic expansion), fully nonadiabatic
hydrodynamical calculations reveal that dynamical insta-
bility actually proceeds through the development of violent
relaxation oscillations of rapidly growing amplitude that
eventually expel mass from the star’s surface. The period of
the relaxation oscillations in our models (Stothers & Chin
1993) can be represented approximately by the fitted
formula

I(yr) ~ 2 x 10"4(M/M )~ V*(R/Rp)*? .

This excited strange mode is a nonadiabatic phenomenon,
superimposed on the quasi-adiabatic expansion of the outer
envelope (see Appendix). Typically, IT is found to be ~0.5
yr, which is larger by a factor of 10 than the free-fall collapse
time, but smaller by a factor of 10 than the thermal time-
scale.

Whenever a stellar model along an evolutionary track is
determined to be dynamically unstable, we estimate the
associated rate of mass loss in the following way. An arbi-
trary rate, somewhat larger than the quiescent stellar wind
mass-loss rate, is assigned in the next model. If the star
continues to be unstable, the rate is then increased until
stability is achieved within a few models. In general, we find
that only a limited range of enhanced mass-loss rates leads
to a satisfactory solution in which the star evolves back and
forth between dynamically stable and unstable states.
Although the successive cycle times are not identical, a
mean period can be determined by using a simple average of
the cycle times. This mean period is found to depend little
on the particular rate of mass loss that is selected within the
allowed range. On the other hand, if the rate is too large, the
star simply becomes stable for an extended length of time.
This evolutionary behavior of the star’s envelope follows
the pattern already established for stellar models of smaller
initial mass (Stothers & Chin 1983, 1995).

Many of the relevant physical timescales in these very
luminous stellar models not only are very short but also are
roughly of the same order of magnitude. Each timescale
contributes to determining the characteristic length of the
recurring cycles of envelope instability, whose successive
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stages consist of eruption, hydrostatic adjustment, thermal
adjustment, and reexpansion. In fact, the sharp physical
distinctions that normally exist between the phenomena of
mass loss, dynamical instability, and secular instability
become blurred when all three phenomena are interacting
and have comparable timescales. We should also point out
the comparably short overturning times of turbulent con-
vection in the convectively unstable hydrogen, helium, and
iron ionization zones.

Under these circumstances, the outer envelope of  Car
may never be in much more than approximate hydrostatic
equilibrium. This complication introduces some uncer-
tainty into our assumption of static surface boundary con-
ditions. Possibly, no true photosphere exists. Even the
noneruptive mass-loss rate observed for 5 Car is more than
sufficient to form an opaque stellar wind and hence a per-
manent pseudophotosphere. Underneath the wind, dis-
turbed conditions must extend into the interior, since an
amount of envelope mass equal to 6M = |dM/dt |, must
supply the wind on a timescale, 74,, of only months. This
implies that a hot layer lying oM below the pseudo-
photosphere might approximate the true photosphere,
which could therefore be almost as hot as the
“quasiphotosphere” at T ~ 2 x 10° K. Furthermore, the
heavy mass loss from the stellar surface produces a back-
reaction on the interior that, mathematically speaking, is
the result of total energy conservation and total momentum
conservation. The physical consequences are a small lumi-
nosity drop and a recoil pressure (Forbes 1968). Although
these factors turn out to be negligible for the surface param-
eters of # Car, a back-warming of an unknown amount will
also occur. Finally, the predicted relaxation oscillations of
the envelope should not affect the luminosity very much
(Stothers & Chin 1993), but should puff up the outer layers
and cause the effective temperature of the photosphere (at
some characteristic radius R) to change as R~ /2. In sum, all
of these uncertainties do not much affect our calculations of
the luminosity and evolution of the underlying star, but do
call into question the star’s assigned “effective tem-
perature.”

One may ask, therefore, whether our adopted criterion
for dynamical instability has much validity when it is
applied to a star that may be out of hydrostatic and thermal
equilibrium. Our answer is that, because # Car shows con-
tinuous cycles, the star must be returning to more or less the
same configuration during its approximate quiescent state
(§ 5). Whatever the appropriate modified criterion for
dynamical instability may be in these circumstances, the
threshold for stability will still be crossed episodically, and
this will create mass-loss cycles. A somewhat changed cri-
terion will lead only to a somewhat different effective tem-
perature at the stability threshold. Since the effective
temperature is uncertain for other reasons, our theoretical
results can be expected to be flawed mainly in regard to the
interoutburst threshold effective temperature, but not so
much otherwise.

4.2. Supercritical Radiative Acceleration of Matter

Although the quiescent stellar wind in a hot luminous
star is mainly radiation-driven by absorption in the star’s
numerous spectral lines (Castor, Abbott, & Klein 1975;
Lucy & Abbott 1993), a further enhancement will occur if
the local Eddington luminosity limit (L; = 4ncGM/x) is
exceeded in the photosphere. If this limit happens to be



324

exceeded only in the overlying optically thin layers, the
enhanced mass loss will be slight, whereas below the photo-
sphere the radiative diffusion approximation applies, so
that spectral line effects act like continuum effects and line-
driven mass loss will not occur (Lamers & Fitzpatrick
1988). In our calculations, all subphotospheric layers in
which the Eddington limit is locally violated (even inside
our most luminous stellar models) do no drive off matter
but become turbulently convective without the mean con-
vective velocities anywhere exceeding sound speed (Stothers
& Chin 1993). Therefore, it is necessary to look to the for-
mation of a pseudophotosphere in order to enhance the rate
of mass loss.

The presently observed mass-loss rate of # Car, ~1073
Mg yr™1, is large enough (by 2 orders of magnitude) to
form a pseudophotosphere inside the optically thick,
quiescent stellar wind (Davidson 1987; Lamers 1987;
Leitherer et al. 1989; de Koter, Lamers, & Schmutz 1996).
Consequently, the difficulties encountered by the radiative
acceleration mechanism in explaining the visual light varia-
tions of the less luminous LBVs, viz., observed stellar lumi-
nosities that are too low (Lamers & Fitzpatrick 1988) and
observed mass-loss rates that appear too small to form a
substantial pseudophotosphere (de Koter et al. 1996), do
not apply to # Car.

5. STELLAR MODELS WITH IONIZATION-INDUCED
DYNAMICAL INSTABILITY

Evolutionary tracks running up to the first stage of
ionization-induced dynamical instability are plotted on the
H-R diagram in Figure 2. Because rates of stellar wind mass
loss characterized by w > 1 are extremely large for initial
stellar masses above 150 M, stripping of the outer radi-
ative envelope proceeds nearly in tandem with the thermo-
nuclear depletion of hydrogen in the inner convective core.
The consequence is a quasi-homogeneous evolution of the
mass-losing star (Simon & Stothers 1970; Stothers & Chin
1979 Maeder 1980). Such objects fail to become dynami-
cally unstable. Therefore, we have also assigned smaller
rates for the stellar wind mass loss, w = 0.1, 0.2, and 0.4, and
have applied these rates to all three initial stellar masses.

Above ~120 M, ionization-induced dynamical insta-
bility first occurs during the main-sequence phase and
always at some effective temperature lower than 12,000 K.
Although this limiting effective temperature also applies for
smaller initial masses (Stothers & Chin 1994), the main
sequence at smaller masses is not so wide, and, in conse-
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Fi1G. 2—Theoretical H-R diagram showing evolutionary tracks
running from the ZAMS to the start of the first phase of dynamical insta-
bility or, in some cases, to a stage well before the start. The initial stellar
mass and the stellar wind mass-loss parameter w are indicated. A dot
marks the start of dynamical instability. In the case of 150 M, with
w = 0.2, the subsequent evolution is shown, with a second dot indicating
the end of the first phase of dynamical instability and with an open circle
denoting the start of the second phase of dynamical instability.

quence, dynamical instability there begins only after the
main-sequence phase is completed. Table 3 compares the
surface properties of our new models in the ZAMS stage
with the surface properties of the models at the first stage of
dynamical instability. A peculiar feature to be noted is that
the rate of quiescent stellar wind mass loss at the onset of
instability always lies near 1.5 x 10°* M yr~!, whereas
the rate in the ZAMS stage ranges from 3 x 107° to
3 x107° M yr~'. We do not regard this convergence of
the rates as anything more than a chance coincidence.

For one of our evolutionary tracks, the case of 150 M
with w = 0.2, we carried out additional calculations past the
phase of core hydrogen burning into the phase of core

TABLE 3

EVOLUTIONARY MODELS OF STARS

ZAMS STAGE ONSET OF DYNAMICAL INSTABILITY
INITIAL -M -M
M/Mg w  log(L/Ly) logT, (Mgyr™h) M/M, X, Xax log(L/Lg) logT, (Moyr™?)
150...... 0.1 6.38 4.63 2.6(—6) 114 0.07 0.56 6.47 3.63 1.5(—4)
0.2 6.38 4.63 5.2(—6) 100 0.11 0.42 6.44 3.81 1.4(—4)
0.4 6.38 4.63 1.1(=5) 81 0.01 0.26 6.40 391 1.6(—4)
1.0 6.38 4.63 2.6(—5) 56 0 0.12 6.29 4.01 1.7(—4)
210...... 0.1 6.59 4.57 7.8(—6) 144 0.14 0.40 6.63 3.84 1.3(—4)
0.2 6.59 4.57 1.6(—5) 111 0.07 0.20 6.59 3.98 1.4(—4)
0.4 6.59 4.57 3.1(-5) 84 0.03 0.10 6.48 4.07 1.2(—4)
300...... 0.1 6.81 4.51 2.3(=5) 196 0.23 0.34 6.80 3.94 1.8(—4)

Note—X_, and X refer to the central and surface abundances of hydrogen by mass.
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helium burning. The dashed line in Figure 2 indicates the
dynamically unstable stages up to and beyond the end of
core hydrogen burning. Afterward, the star becomes very
blue and stabilizes. A quarter of the way through central
helium depletion, after having begun to reexpand, the star
encounters dynamical instability again at very nearly the
same effective temperature, 20,000 K, where the instability
previously ended. The star’s mass is now 64 M, and its
surface hydrogen abundance, X, is 0.02. These post—
main-sequence developments, including the noticeably
relaxed threshold of effective temperature for dynamical
instability, are due to a significantly decreased envelope
mass.

Eta Carinae is unlikely to be in the second phase of
dynamical instability. In the case of initial stellar masses
above ~120 M, this phase is shorter by an order of mag-
nitude than the first phase. Furthermore, during the second
phase, the stellar models are practically hydrogen-free,
whereas observed fresh ejecta from # Car show strong
hydrogen lines (Payne-Gaposchkin 1957). Finally, if hydro-
gen were of very low abundance in n Car, the pseudo-
photosphere formed during an eruption ought to attain a
minimum effective temperature of ~ 13,000 K, which is the
recombination temperature of singly ionized helium. But
observationally, the reddish color of n Car in 1843 and its
F-type spectrum in 1893 are more consistent with the
recombination temperature of hydrogen, ~8000 K
(Davidson 1987). Metal opacities, however, are also impor-
tant and may allow a lower temperature to be reached.

For these reasons, we will turn our attention now to only
the first phase of dynamical instability. As representative of
this phase, we discuss an early stage, although tests show
that later stages behave in a similar manner. In the case of
our models for 150 M, with w = 0.2, three or four consecu-
tive cycles are found to be inevitably followed by a long
interval of stability before the cycles break out anew. This
broken pattern fails to resemble the observed cyclical
behavior of 5 Car. Also, the mean period of the theoretical
cycles is somewhat too long, 5-7 yr.

The cycles recur at a more rapid pace over a much more
extended length of time for our models of 300 M, with
w = 0.1. A histogram of the derived cycle times is displayed
in Figure 1, where our results compare very well with the
observed distribution of cycle times for # Car. A typical
theoretical cycle is ~4 yr long. As was the case at lower
stellar masses (Stothers & Chin 1995), the amplitudes in the
H-R diagram are quite small, the average effective tem-
perature amplititude being 0.003 dex and the average lumi-
nosity amplitude being less than 3 x 1073 dex. These
results refer, of course, to a quasi-static calculation of the
star’s cycles. During the dynamically unstable, eruptive
stages, the violent relaxation oscillations of the envelope
should inflate the outer layers and induce periodic excur-
sions of the radius and effective temperature. It is likely that
these fluctuations would be masked beneath the pseudo-
photosphere of the opaque expanding cloud.

Because the various physical timescales in the outer
envelope are so similar, it is sometimes difficult to dis-
tinguish cause and effect. In Figure 3, we plot the secular
evolution of the effective temperature of the star over two
successive cycles. Although the absolute scale of effective
temperatures is not reliable (§ 4.1), the computed relative
changes from cycle to cycle are probably realistic. Open
circles denote dynamically stable models, and filled circles
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FiG. 3—Effective temperature vs. time for two cycles of mass loss
during the first phase of dynamical instability. Initial stellar parameters are
M =300 M and w = 0.1. During this segment of the computational runs,
the rate of quiescient stellar wind mass loss has been arbitrarily set to zero.
Results for two assigned rates of eruptive mass loss are shown. Filled
circles denote dynamically unstable models; open circles indicate dynami-
cally stable models. For each panel, the starting time is arbitrary.

represent dynamically unstable models with enhanced mass
loss. To reduce confusion in interpreting the results, the rate
of quiescent stellar wind mass loss has been set to zero in
this particular stretch of the evolutionary track. For the
dynamically unstable models, the rate of eruptive mass loss
has been set to 2 x 107* My yr~! in one computational
run and to 2 x 1072 M, yr~! in a second. Rates that lie
outside this range do not lead to any cycles. Despite the
large difference between the two adopted rates, the results
for the derived cycles are very similar to each other and
hence the properties of the cycles should be regarded as
reliably established.

Notice that at the end of each cycle the effective tem-
perature does not quite return to its starting value. This
slight drift arises from the overall evolution of the star.
Although the luminosity changes very slightly over a cycle,
the stellar mass drops comparatively quickly, and the con-
sequent increase of the luminosity-to-mass ratio facilitates
the onset of dynamical instability. As a result, the critical
effective temperature for instability increases with time. If
the eruptive mass-loss rate is assumed to be 2 x 107* M
yr~ !, the critical effective temperature rises by 0.0005 dex in
7 yr, whereas for the higher rate of 2 x 1072 M yr~! it
increases by 0.002 dex in the same amount of time. Hence
the net evolutionary effect of the mass loss is to slowly shift
the star blueward on the H-R diagram.

Another interesting feature revealed by Figure 3 is the
occasionally superfluous effect of dynamical instability on
the actual commencement of the cycles. Sometimes the
oscillations of effective temperature persist for one or two
cycles even when the eruptive mass loss continues unabated,
or sometimes even when there is no ongoing mass loss at all.
We have already noted, in our discussion of ordinary LBVs
(Stothers & Chin 1996), how remarkably little enhancement
of the quiescent mass-loss rate is needed to sustain these
cycles. Although oscillatory secular instability is not
unknown in stellar evolution calculations (Hansen 1978), it
is relatively rare.
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The total amount of mass lost per cycle in our models is
obviously highly variable. Assuming, on average,
AM = 0.5|dM/dt| At, where dM/dt is the assigned rate of
eruptive mass loss and At is the mean cycle time, we find
AM ~ 1073 to 10~ M, from our evolutionary models, the
chief uncertainty being the rate of eruptive mass loss. These
results are generally compatible with what is known about
n Car. In addition to the observed average properties of 7
Car, the variable lengths and variable intensities of the star’s
major outbursts become more comprehensible in our quasi-
stochastic picture of the outbursts.

One puzzle concerning the great 1843 outburst, however,
cannot be satisfactorily solved. Around that time, the inte-
grated bolometric magnitude of # Car appears to have been
~2.5 mag brighter than it is today (van Genderen & Thé
1984), whereas according to our theoretical stellar models
for LBV eruptions the luminosity ought to be essentially
constant at all times. Davidson (1989) has suggested that
the excess radiated energy represents the release of internal
and kinetic energy stored in the expelled cloud, which
shortly before had been part of the underlying star. His
estimates, while rough, are compatible with our models but
require a large value of the homunculus mass (§ 2.4).

Alternatively, if # Car is an interacting binary system, the
excess radiated energy might be attributed to a Roche-lobe
overflow event or to an accretion event (§ 1). This would not
necessarily conflict with the best current interpretation of
the other known outbursts in # Car as having been LBV (S
Doradus-type) events.

Despite the success of our models in accounting for the
observed cycles, there may exist problems with the prior
evolution of the star vis-a-vis observations of very massive
stars. These problems will be discussed in § 8.

6. STELLAR MODELS WITH SUPERCRITICAL
RADIATIVE ACCELERATION

Two evolutionary tracks were computed under the
assumption that enhanced mass loss occurs as a result of
supercritical radiative acceleration of matter in the photo-
sphere. Lacking detailed atmospheric models, we have
simply guessed from Lamers & Fitzpatrick’s (1988) less
luminous atmospheric models that supercriticality would
exist for T, < 30,000 K at the luminosities that apply to 7
Car. Possibly, the true effective temperature limit is some-
what higher, even exceeding the ZAMS effective tem-
perature. But increasing this limit would not alter our
results fundamentally.

In our evolutionary track for 300 M, with w= 0.1,
various enhancements of the mass-loss rate were tried. No
cycles ever appeared. Even with a mass-loss rate as high as
10~* M, yr™*, the star evolved steadily cooler, driven by
central hydrogen burning in a stage very close to the
ZAMS, around a luminosity of log (L/Ly) = 6.8. Other
choices of w made no difference, as the star lies so close to
the ZAMS. This mechanism, at least as we have applied it,
cannot readily explain 5 Car.

Another evolutionary track was computed for a lower
luminosity, log (L/L) = 6.1, which is near the level where
this mechanism could no longer actually operate (Lamers &
Fitzpatrick 1988). The corresponding initial stellar mass is
90 M. Although this mass cannot represent 5 Car, it may
refer to AG Car, a less extreme LBV. With similar model
assumptions, the evolutionary track for 90 M does show
recurring cycles, having a mean cycle time of 11 yr within a
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total range of 4-22 yr. The eruptive mass-loss rate, however,
has to be made very large in order to overcome the strong
secular stability of the star at this very early stage of central
hydrogen burning. The theoretically permitted mass-loss
rates, all exceeding 10~2 M, yr™ !, are larger by at least 2
orders of magnitude than the observed eruptive mass-loss
rates of AG Car (Wolf & Stahl 1982; Robberto et al. 1993;
Leitherer et al. 1994; Lamers et al. 1996). We conclude that
the supercritical radiative acceleration mechanism does not,
in any obvious way, produce the observed cyclical eruptions
of LBVs. On the other hand, our quasi-static models are
very limited in their degree of sophistication.

7. EXTRAGALACTIC APPLICATIONS

Mean cycle times for our LBV models of 150 and 300 M
can be compared with those we derived previously for 45
and 90 M ;. The more massive, and hence more luminous,
models show shorter periods, as we had already suspected
on the basis of just the two smallest masses. Open circles in
Figure 4 exhibit the corresponding period-luminosity rela-
tion. Our results are not very sensitive to the choices of
effective temperature or even of evolutionary phase along a
given track. For example, our numerical experiments at 90
M, yielded P = 11 yr near the ZAMS (§ 6) and P = 10 yr
near the end of central helium burning (Stothers & Chin
1995).

Observations of LBVs suggest a very similar relation
between the mean period and the luminosity (Stothers &
Chin 1995). The observational relation is also displayed in
Figure 4. Unfortunately, the cycle length for any star is
correlated with the cutoff size used to define the significant
outbursts. Using only the largest outbursts and slowest
cycles yields a longer mean period (§ 2.5; de Groot, van
Genderen, & Sterken 1996; van Genderen, Sterken, & de
Groot 1997). If # Car is representative, however, the mean
period should probably be based on all of the significant
outbursts, which is what we have done. In any case, the
periods derived by van Genderen et al. (1997) fall within a
factor of 2 of ours, which, considering all the uncertainties,
is not a very large difference.
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F1G. 4—Period-luminosity relation for the slow variations observed in
seven LBVs (asterisks) or predicted from stellar models undergoing recur-
rent dynamical instability (open circles). The straight line represents a fit to
the observational points.
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We have previously noted that the period-luminosity rela-
tion for LBVs may be useful in extragalactic distance
studies. Here we expand on this idea by pointing out the
serious limitations of two other distance determination
methods that likewise have been based on the luminosities
of LBVs. The use of LBVs is of greatest service, of course,
for remote galaxies that are too distant for the detection of
fainter variable stars like Cepheids.

One of the two earlier methods assumes that the absolute
magnitudes of the brightest blue stars (which are usually
LBVs) in a spiral or irregular galaxy of a given luminosity
have an average value that is a universal constant (Hubble
1936; Tammann & Sandage 1968; Sandage & Tammann
1974; de Vaucouleurs 1978; Sandage & Carlson 1985;
Humphreys 1987). The problem is that, in practice, only a
few bright blue stars constitute a typical observational
sample, even for a very rich spiral. The scatter of their abso-
lute magnitudes is potentially very large (Fig. 4), and each
star is usually, in addition, irregularly variable. A lesser
problem is that, unless the galaxy has a very high lumi-
nosity, the average absolute magnitude of the brightest blue
stars is correlated with the galaxy’s luminosity (a statistical
effect). Finally, unless each bright blue star is carefully
investigated on an individual basis, it can turn out that
contaminating factors such as crowding, duplicity, clus-
tering, presence of field stars, and unrecognized H 1 regions
may be contributing to the measured object’s apparent
magnitude. Although colorimetric and spectroscopic
studies can verify the successful spatial resolution of the
brightest blue stars, the fact remains that a group-average
absolute magnitude makes a poor basis for a distance deter-
mination.

Wolf (1989) pointed out an empirical relation between
the absolute bolometric magnitude and the blue-light
amplitude of LBVs. Recognizing that the effective tem-
perature of the pseudophotosphere always falls to ~8000 K
at maximum blue light, Wolf explained his relation by
noting that the photospheric effective temperatures of the
more luminous LBVs at quiescence are higher than those of
fainter LBVs. He thus concluded that the observed blue-
light amplitude measures the change of bolometric correc-
tion between the dust-free star at minimum blue light and
the dust-enshrouded star at maximum blue light. Despite
some qualifications expressed about this interpretation (de
Koter et al. 1996; de Groot et al. 1996), the relationship
itself at least is not in question. It does not apply, however,
to luminosities greater than ~1 x 10° Ly (M, = —10.2),
since the brightest LBVs at quiescence display “apparent”
photospheric effective temperatures that do not increase
with luminosity. Consequently, Wolf’s relation can be used
to obtain unambiguous results only in the case of LBVs
with not-too-large blue-light amplitudes. This limitation
restricts the usefulness of his method to the relatively nearer
spiral and irregular galaxies.

8. CONCLUSION

Only a few observational facts are certain about the
central object in 5 Car. If the hot central object is single, its
luminosity must be ~5 x 10° L, although, if double, the
brighter component might be as faint as ~2.5 x 10° L.
The present rate of mass loss from # Car, which hovers in
a state somewhere between eruption and quiescence, is
(1-3) x 107* M, yr~'. Major outbursts seem to occur at
varying intervals, but roughly once every 3—6 yr. Distant
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ejecta show measurable overabundances of helium and
nitrogen. Except for these few clues, # Car still remains
enveloped in a mystery as thick as its nebula.

We have provisionally interpreted 5 Car as a single (or
possibly binary) very massive star, burning hydrogen in its
core and repeatedly encountering ionization-induced
dynamical instability within its outer envelope. Its original
mass must have been 150-300 M, and its prior rate of
stellar wind mass loss could not have been too large (w < 1).
According to our best models, its present mass would be
smaller by about one-third. Probably its present surface
hydrogen abundance is roughly half of its original value.
Although the effective temperature of a star with such a
high rate of mass loss is not well defined, the photosphere as
conventionally derived using hydrostatic models occurs at
T, = 8000 + 2000 K for most of our dynamically unstable
models. This can be only a lower limit; an extreme upper
limit is T, ~ 200,000 K (§ 4.1). Possible relaxation oscil-
lations occurring during the most unstable phase and
having a period of ~0.5 yr would probably be hidden
beneath the opaque expanding cloud.

Outbursts in the models succeed each other at unequal
intervals, but a typical cycle lasts ~4 yr. The computed
intervals reflect solely the secular adjustment timescale of
the envelope, because they have been derived from a quasi-
static evolution code. Even though the mass-ejection time-
scale and the dynamical timescale approach in length the
secular timescale in such highly luminous stars, we believe
that our present results are sufficiently realistic to test the
ionization-induced dynamical instability mechanism for #
Car. Together with our results derived for smaller initial
stellar masses, we have been able to confirm our earlier
suspicion that the mean cycle time is, approximately,
inversely proportional to luminosity, in agreement with
observations of LBVs of all luminosities. Nearly all LBVs
with log (L/Ly) < 6.3, however, are expected to have
reached the core helium-burning phase, whereas the bright-
er ones are probably burning core hydrogen. This accords
with the strong environmental evidence for relatively old
age among the fainter LBVs as compared to # Car
(Gallagher, Kenyon, & Hege 1981; Lortet & Testor 1988).

While the evidence in favor of the ionization-induced
dynamical instability mechanism is reasonably strong for
ordinary LBVs (Stothers & Chin 1996), this mechanism
may nevertheless not be operating in stars with log
(L/Lg) > 6.3. Chief among possible objections are the very
large observed mass-loss rates (w & 3) for main-sequence
stars with masses of ~100 M, (and presumably higher
masses), which prevents these stars from ever reaching a
state of dynamical instability. The empirical rates of mass
loss (de Koter et al. 1997), however, need to be verified.
Another possible objection is that our models spend a con-
siderable fraction of their hydrogen-burning lifetimes rather
far to the right of the ZAMS in the H-R diagram, until the
stage when dynamical instability first sets in. Such cool,
very massive stars have not yet been detected obser-
vationally. Maybe even our models for # Car itself are too
cool. Finally, the observed cycle times of 3—-6 yr are not
necessarily very discriminating diagnostics of competing
theories for stars this massive (§ 7), although they may be. If
Damineli (1996) is correct and 5 Car is a wide, eccentric,
interacting binary system with an orbital period of 5.52 yr
that accounts for the periodic variability, our mechanism
might at most help provide the overall state of destabi-
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lization. More likely, our present calculations serve to
impose an approximate upper limit on the luminosities at
which the ionization-induced dynamical instability mecha-
nism could actually apply. AG Car may be just at this
threshold luminosity; an empirical determination of its
present mass is badly needed (Stothers & Chin 1995).

An alternative mechanism for producing cycles of mass
loss has been examined. It assumes enhanced mass loss due
to the supercritical radiative acceleration of matter outward
from the photosphere. No repetition of cycles, however,
appears in our most luminous stellar models based on this
mechanism. However, the potential for supercritical radi-
ative acceleration exists in the appropriate ranges of lumi-
nosity and effective temperatures that would apply to # Car
and to very hot, luminous objects like it. Moreover, our
models are only quasi-static. Since such high rates of quiesc-
ent stellar wind mass loss as are observed in # Car might
arise from this mechanism and, in any case, must disturb the
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whole outer envelope, a self-consistent hydrodynamical
treatment of both the atmosphere and the outer envelope
might reveal slow secular oscillations, whose expected mean
cycle time would be ~4 yr. The lifetime of this phase cannot
much exceed 10° yr for such high mass losses, and therefore
would be only a small fraction of the star’s total hydrogen-
burning lifetime of 2 x 10° yr.

Independent of the pros and cons of the two theories
discussed above, there remains the problem of the rare epi-
sodes of exceptional mass loss, like the 1843 outburst of #
Car, which have not yet been plausibly explained by any
mechanism.
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APPENDIX

To consider the effect of nonadiabaticity on the stability of a stellar envelope, we adopt Baker’s (1966) linearized non-
adiabatic one-zone model. Small perturbations of the radius and of other physical quantities are assumed to obey an
exponential time dependence, e.g., or/r, oc exp (st). Our basis for discussion is the dispersion relation given by Baker’s cubic
equation (29):

s* + Kog As* + 63 Bs + KagD = 0. (A1)

Here 62 = GM(r)/r3; B=3T, —4; K = (2pL)/(Péc,AM); A, D are functions of the density partial derivatives, a =
(0ln p/01n P); and 6 = —(01n p/01n T),p, and of the opacity partial derivatives, k; = (0Inx/0In T)p and xp = (0Inx/01n P);;
P is pressure; T is temperature; and AM is the mass contained in the single zone. Note that K is a parameter indicating the
degree of nonadiabaticity; it is approximately equal to the ratio of the free-fall collapse time (¢, !) to the thermal timescale
(Ew/L).

In the adiabatic case (K = 0), Baker showed that

s= +iB'?qg, . (A2)

If B > 0, the solution implies an adiabatic oscillation with period I1, = 2nB~1/2¢; 1. If B < 0, an exponential growth results,
with an e-folding time of t, = | B|~ '/, !; this implies dynamical instability. The threshold occurs at T'; = 4/3 (B = 0).

In the case of highly nonadiabatic oscillations, Buchler & Regev (1982) pointed out that equation (A1) has the limiting
solution

s= + iD/A)?q, . (A3)

If D/A > 0, a purely nonadiabatic oscillation with a period I, = 2n(D/4) " 126, ! results. If D/A < 0, exponential growth
occurs with an e-folding time t, = | D/A| 1?64 !; this can be interpreted as a dynamical secular instability. Note that the
solution depends on the partial derivatives of opacity and density rather than on the adiabatic exponent I';. The purely
nonadiabatic oscillation period is, nevertheless, of the same order of magnitude as the purely adiabatic period when B > 0,
and in both cases the condition for vibrational stability is AB — D > 0. Such a purely nonadiabatic mode represents the
limiting case of the so-called strange pulsational modes discovered in highly nonadiabatic stellar envelope models (e.g., Wood
1976; Cox et al. 1980; Saio, Wheeler, & Cox 1984 ; Gautschy & Glatzel 1990; Glatzel 1994).

It is worth emphasizing that, to all orders in the nonadiabaticity (below infinite K), the solution of equation (A1) changes
from one of dynamical stability to one of dynamical instability at B = 0 (Jeans 1929; Baker 1966). The mathematical proof of
this statement is provided by Jeans (1929, § 108), If K is infinite, B becomes irrelevant, and dynamical stability is then
determined only by the sign of D/A4 (Buchler & Regev 1982).

If ordinary dynamical stability prevails (B > 0) and the envelope is vibrationally stable, the solution of equation (A1)
(omitting the dynamical terms s* and s?) is

s = —(D/B)Ka, . (A4)

This solution refers to the familiar criterion for thermal secular instability, D < 0; the related e-folding time is of the order of
(Ko,) ™, the thermal timescale (Baker 1966). As K increases, we find that thermal secular instability goes gradually over into
dynamical secular instability.

In massive stars that have a large luminosity-to-mass (L/M) ratio, radiation pressure dominates gas pressure. Denoting by
B the fraction of the total pressure contributed by the gas, we find the following proportionalities for small 8: Ko, oc f2L/AM,
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Boc B, Aocc B, and D oc B~ 1. It follows from simple inspection of equation (A1) that a massive stellar envelope in which
L/AM is large must behave very nonadiabatically. This suggests that when dynamical stability is lost, nonadiabatic behavior
will be superimposed on the quasi-adiabatic expansion of the envelope. The opacity partial derivatives actually determine the
type of nonadiabatic behavior. Owing to low gas densities, the electron-scattering opacity, which has a simple constant value,
dominates the other sources of opacity, and so x; and k, are small. Under these conditions, D/A ~ k1 + 4xp. Although x is
always positive, k; may be positive or negative; but the sum x; + 4kp, is usually positive. In this case, nonadiabatic
pulsations occur. Nonlinear hydrodynamical models for LBVs (Stothers & Chin 1993), as well as the earlier models of
Tuchman et al. (1978) for dynamically unstable low-mass red giants with very high luminosities, confirm these expectations.
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